The anti-lipopolysaccharide factor ALF-Pm3 is a 98-residue protein identified in hemocytes from the black tiger shrimp Penaeus monodon. It was expressed in Pichia pastoris from the constitutive glyceraldehyde-3-phosphate dehydrogenase promoter as a folded and 15 N uniformly labeled rALFPm3 protein. Its 3D structure was established by NMR and consists of three -helices packed against a four-stranded -sheet. The C 34 C 55 disulfide bond was shown to be essential for the structure stability. By using surface plasmon resonance, we demonstrated that rALF-Pm3 binds to LPS, lipid A and to OM®-174, a soluble analogue of lipid A. Biophysical studies of rALF-Pm3/LPS and rALFPm3/OM®-174 complexes indicated rather high molecular sized aggregates, which prevented us to experimentally determine by NMR the binding mode of these lipids to rALF-Pm3. However, on the basis of striking structural similarities to the FhuA/LPS complex, we designed an original model of the possible lipid A-binding site of ALF-Pm3. Such a binding site, located on the ALF-Pm3 -sheet and involving seven charged residues, is well conserved in ALF-L from Limulus polyphemus and in ALF-T from Tachypleus tridentatus. In addition, our model is in agreement with experiments showing thathairpin synthetic peptides corresponding to ALF-L -sheet bind to LPS. Delineating lipid A-binding site of ALFs will help go further in the de novo design of new antibacterial or LPS-neutralizing drugs. 
INTRODUCTION
Anti-lipopolysaccharide factors (ALFs), originally characterized from horseshoe crabs, have been recently identified from hemocytes of different shrimp species, Penaeus monodon (1) , Litopenaeus setiferus, L. vannamei ( 2 ) and L. stylirostris (Genbank AAY 33769) (3) Fenneropenaeus chinensis (4) , Marsupenaeus japonicus (5) , and recently from the mud crab, Scylla paramamosain (6) . ALFs consist in a small basic single polypeptide of about 100 amino acids with two conserved cysteine residues forming a disulfide bond that constrains a β-hairpin (7, 8) . In ALF-Pm3 from the shrimp P. monodon, positively-charged residues are clustered within the β-hairpin. Antimicrobial assays demonstrated that the recombinant rALF-Pm3 has a broad spectrum of antifungal properties against filamentous fungi, and antibacterial activities against both Gram-positive and Gram-negative bacteria, associated with a bactericidal effect (1).
Interestingly, rALF-Pm3 is highly efficient against various Vibrio species including s shrimp pathogens. Consistently, RNA interference (RNAi) experiments targeting an ALF gene from the shrimp L. vannamei resulted in increased susceptibility to pathogenic Vibrio and Fusarium species (9) . In the freshwater crayfish Pacifastacus leniusculus, RNAi showed that the crayfish ALF can protect against infection by the white spot syndrome virus, a virus infecting many different species of crustaceans (4).
The Limulus polyphemus ALF (ALF-L), which has a strong antibacterial effect on the growth of Gram-negative bacteria (10) , was also demonstrated to interact with lipid A, the conserved hydrophobic region of lipopolysaccharides (LPS or endotoxin) that constitutes the bioactive core and toxic component of LPS. Immune cells from both vertebrates and invertebrates are highly sensitive to LPS, which are recognized as non-self molecules and rapidly initiate an immune response. Through its potent LPS-neutralizing effect, ALF-L was initially evidenced as a factor able to prevent the hemolymph clotting resulting from immune cell activation in the horseshoe crab (11) . In vertebrates, LPS recognition is mediated by type-4 Toll-like receptors (TLR4) (12) (13) (14) . Their interaction induces the release of cytokines, tumor-necrosis α-factor (TNF-α) and interleukins leading to the septic shock. Interaction between ALF and lipid A prevents from the cascade of events responsible for the release of mediators and thus protects against the endotoxininduced septic shock.
The ALF-L crystal structure was solved and consists of a four-stranded β-sheet and three helices giving rise to a wedge-shaped molecule (8) . Based on this structure, a lipid A-binding region was proposed which involves the β-hairpin stabilized by the single disulfide bond. The positivelycharged residues within the β-hairpin of ALF-L were supposed to interact with the negatively charged phosphate groups of lipid A. On this basis, some synthetic peptides were developed to protect from the septic shock (15) . However, as far as we know, the binding site between ALF proteins and lipid A remains poorly studied and is still unknown. Thus, the aim of the present work was to determine the solution structure of the rALF-Pm3 and identify the lipid A-binding site from the structural study of the rALF-Pm3/LPS complex.
In this attempt, we expressed rALF-Pm3 as an uniformly 15 Production and purification of rALF-Pm3-The production of rALF-Pm3 by using the pGAP promoter of P. pastoris was studied in batch culture on glycerol. Three successive batches with 40 g/l glycerol were carried out as previously described (17) . The production of the 15 N-labeled ALF-Pm3 was carried out in an Applikon fermentor (600-ml culture) with 99.4% 15 N-labeled ammonium chloride (Eurisotope) as sole nitrogen source. Labeled (NH 4 )Cl was added from the very beginning (6.6 g/L) of the biomass production phase and during the growth phase at 20 and 25 h (7.69 g/L). rALF-Pm3 was produced during the growth phase and secreted into the culture medium. Then, it was further purified from cell-free supernatant (0.690 l) by ion-exchange chromatography on a Streamline SP column (i.d. 2 cm x 40 cm) as described previously (1) . This single step purification on expanded-bed chromatography appeared to be a fast and efficient procedure since 3 mg of pure rALF-Pm3 were obtained and further characterized.
MATERIALS AND METHODS

Materials-
Circular Dichroism-Molecular ellipticity was measured in the far UV (180-300 nm) using a Chirascan dichrograph (Applied Photophysics). The protein was dissolved in water to a final concentration of 0.1 mg/ml (8.10 -6 M) at pH 6.9. Measurements were performed using a quartz cell with a 0.5 mm path-length, at a resolution of 1 nm. Five spectra were averaged. NMR experiments were performed on a Bruker Avance 600 spectrometer equipped with a triple resonance cryoprobe and pulse field gradients. In all experiments, the carrier frequency was set at the water frequency. Double-quantum filtered-correlated spectroscopy (DQF-COSY) (18) , zfiltered total-correlated spectroscopy (z-TOCSY) (19, 20) and nuclear Overhauser effect spectroscopy (NOESY) (21) spectra were acquired in the phase-sensitive mode using the States-TPPI method (22) . For spectra recorded in H 2 O, and except for the DQF-COSY spectra (where low-power irradiation was used), the water resonance was suppressed by the WATERGATE method (23) . The z-TOCSY spectra were obtained with a mixing time of 60 ms and NOESY spectra with mixing times of 100, 150 and 200 ms. To characterize overlapping spin systems, three sets of spectra were recorded at 22°C, 27°C, and 32°C. In addition, to observe and identify amide protons in fast exchange with water at pH 6.9, another data set was recorded at pH 5.4
where their exchange is slower.
A third sample was prepared with the 15 N-uniformly labeled protein (0.5 mM) to record 1 H-15 N-HSQC and 3D HSQC-NOESY experiments. Data were processed using both the XWINNMR and GIFA (24) programs. The full sequential assignment was achieved using the strategy described by Wüthrich (25) . protons, pseudo-atoms were introduced. The φ angle restraints were derived from the 3 J NH-CαH coupling constants, and the χ1 angle restraints were derived from the combined analysis of the 3 J Hα-Hβ,β' coupling constants and intra-residues NOEs, respectively.
To calculate 3D structures, distance and dihedral angle restraints were used as input in the standard distance geometry/simulated annealing refinement and energy-minimization protocol using X-PLOR 3.8 (27) . In the first stage of the calculation, an initial ensemble of 40 structures was generated from a template structure with randomized φ, ψ dihedral angles and extended side chains. In preliminary calculations, neither hydrogen bond nor the disulfide bond was used as Finally, the 3D structure of rALF-Pm3 was compared with the ALF-L crystal structure. Not available in the PDB, this structure was kindly provided by Dr Robert Liddington and Dr Kay
Diederichs (8, 30) .
Determination of the hypothetical Lipid A-binding site of ALF-Pm3-To determine the ALF-Pm3
lipid A-binding site, the ALF-Pm3 solution structure was compared with the X-ray structure of the FhuA/LPS complex (PDB entry: 1qfg) (30) . Charged residues of the 7 to 10 β-strands of the FhuA structure were found to interact with the lipid A moiety. Assuming that comparable interactions could take place between ALF-Pm3 and Lipid A, the ALF-Pm3 S1 to S4 strands were superimposed with the 7 to 10 β-strands of FhuA with the aim to optimize the matching of the charged side chains responsible for the Lipid A-binding.
The search was carried out visually by sliding the β-sheet structures. Among the numerous possibilities, the superimposition of the S1-S4 β-strands of ALF-Pm3 with the 7 to 10 β-strands of FhuA, where most of positively charged and several hydrophobic residues involved in the Lipid A interaction have their counterpart in the rALF-Pm3 structure, has been selected (see Discussion).
Surface plasmon resonance study of the rALF-Pm3 interaction with LPS, Lipid A and OM ® -174-
All experiments were carried out on a BIACORE 3000 instrument at 25°C using HBS-N buffer [10 mM HEPES, 150 mM NaCl, pH 7.4 from Biacore AB (Uppsala, Sweden)] as a running buffer at a flow rate of 50 µl/min.
rALF-Pm3 (10 µg/ml), in 10 mM citrate buffer pH 6.2 was immobilized onto a CM5 sensor chip using the standard amine coupling method from the manufacturer (Biacore AB). The control flow cell was treated with activating reagents without the protein.
To determine their affinity for rALF-Pm3, increasing concentrations of LPS (from 0.05 µM to 2.5 µM), of Lipid A (12.5 nM to 50 nM) and OM ® -174 (12.5 nM to 50 nM) were injected onto the rALF-Pm3 (1200-2800 RU) and control flow cells. Regeneration was performed with pulses of 50 mM HCl and/or SDS 0.1%. Injections were repeated twice and sensorgrams were corrected by subtracting the control flow cell signal. The kinetic parameters were obtained from sensorgrams using BIAevaluation 3.2 software (Biacore AB) and the global fitting methods.
Ultracentrifugation and Dynamic Light Scattering experiments-Ultracentrifugation was used to
measure the fraction of soluble rALF-Pm3 for various protein/lipid mixtures. Two sets of seven rALF-Pm3 solutions of 60 µl (0.44 mg/ml), one with six LPS concentrations ranging from 0.152-2.28 mg/ml and the other with six OM ® -174 concentrations ranging from 0.04-0.5 mg/ml, were prepared and incubated at room temperature for 20 min. Then, they were centrifuged on a
Beckman Optima LE-80K ultracentrifuge at 100.000 g for 30 min and the protein concentration in the supernatant was monitored on a Nanodrop ND-100 UV spectrophotometer. We checked that LPS and OM ® -174 had no absorbance contribution at 280 nm. Estimate of the rALFPm3/LPS complex size has been obtained from Dynamic Light Scattering measurements on a
Zetasizer Nano-S (Malvern Instruments Ltd) using a 70 µL sample of rALF-Pm3 at 0.45 mg/ml mixed with LPS at a concentration of 1.6 mg/ml.
RESULTS
1-Sequence alignments.
A Blast search using the ALF-Pm3 sequence as target selectively identified 26 ALF sequences from various crustacean organisms (data not shown). The most similar sequence was ALF from Fenneropenaeus chinensis with 87 % identity, while the most divergent sequence was the SSP12 protein of Scylla serrata (Mud crab) with only 25% sequence i d e n t i t y . S e q u e n c e a l i g n m e n t w i t h t h e T c o f f e e p r o g r a m
(http://www.ch.embnet.org/software/TCoffee.htm) (31) showed significant sequence identity (about 24 %) on the ALF N-terminal half.
In contrast, the alignment of their C-terminal half of various lengths, (a 15-residue insertion and a C-terminal extension for ALF-Pm2 and ALF-Pm4 or a C-ter truncation for ALF-Pm1), showed no significant sequence identity (data not shown). Thus, the sequence alignment of ALF-Pm3 was arbitrarily restricted to the ALF-L sequence of Limulus polyphemus, whose 3D structure was determined by X-ray (8) , and ALF-T sequence of Tachypleus tridentatus that showed 38.2 and 34.6% identity, respectively ( Figure 1 ). The conserved residues are spread out all along the sequence and include the two cysteines engaged in a disulfide bond. It is worth noting that most of the conserved residues in the 3 sequences are mainly hydrophobic and that they are located in similar secondary structure elements in the ALF-L X-ray structure and in the rALF-Pm3 solution structure (see Discussion).
2-Overexpression and characterization of 15 N-uniformly labeled rALF-Pm3.
Numerous proteins possessing disulfide bridges were successfully overexpressed in P. pastoris by using the methanol-inducible alcohol oxidase (AOX1) promoter (32 (Figure 2 ). The structure is defined by an average of almost 11 NOEs per residue. A stereo-view of 10 ALFPm3 conformers is displayed in Figure 3 . For the well-defined region spanning residues E 8 to S 101 , the pairwise average rmsd is 0.91 ± 0.29 Å for the backbone atoms ( Table 1 ). The
-Solution
Ramachandran plot (except for the glycine and proline residues) of the ten conformers indicated 83.5 and 16.0 % of the residues located in the most favored and the additional allowed regions, 
4-Comparison of the ALF-Pm3 solution structure with the X-ray structure of ALF-L. The ALF-
Pm3 structure was compared with that of ALF-L established by X-ray in 1993 (8) . First of all, the two structures share the same α−β−β−β−β−α−α fold with secondary structure elements of comparable lengths and a similar disulfide bond (Figures 1 and 3 ). In these two structures, the Nand the two C-terminal helices pack against the four-stranded antiparallel β-sheet ( Figure 3 ).
Among the four strands, the S1 strand is the shortest one. The S2 and S3 strands are the longest, arranged in a β-hairpin and tightly linked together by the C 34 -C 55 disulfide bond and 9 hydrogen bonds in rALF-Pm3 and by the C 31 -C 52 disulfide bond and 10 hydrogen bonds in ALF-L.
Significant differences between the crystal structure of ALF-L and the NMR structure of ALFPm3 reported here involve H1, which shifts along its main axis by about 2 Å and the S1 strand.
As a result, the superimposition of backbone atoms of ALF-Pm3 (stretch 6-102) and ALF-L (stretch 3-99) gives a 2.34 Å rmsd. Without the H1 helix, the rmsd value drops to 1.45 Å. To better identify local differences between the two structures, a superimposition using a 5 residuesliding window was used to calculate an rmsd value as a function of the sequence number ( Figure   4 ). Such a comparison highlights significant differences for the 18-30 and 40-50 sequences. As already indicated, the structure conservation is lower for the H1 helix and the S1 strand than in the remainder part of the structures (Figures 1 and 4) . Without loops, an optimized superimposition, including S2, S3, S4, H2 and H3 fragments (50 residues) gives a rmsd of 0.95 Å pointing out to a remarkable conservation of the protein global fold.
Only few conserved residues belong to H1 and S1 stretches ( Figures 1 and 4 and see below).
Among them, W 22 (ALF-Pm3 numbering) adopts a quite different χ1 value (169°) when compared to W 19 in ALF-L (-55°). In both structures this conserved tryptophane residue stacks against a phenylalanine ring (F 36 in ALF-Pm3, and F 24 in ALF-L) but is partially solvent exposed in the ALF-Pm3 structure whereas it is buried in the ALF-L structure. We checked that such a difference does not result from the crystal packing for the ALF-L X-ray structure (data not shown). Figure   6 ) and indeed, when excess of LPS or OM ® -174 was added, the HSQC spectrum of the protein was no longer observed. Therefore, we suspected that the LPS or OM ® -174/rALF-Pm3 complexes were too large to be observed by standard NMR techniques.
-Interaction of rALF-
5-3 Ultracentrifugation.
We needed to better characterize molecular species present in the protein/lipid complexes. The rALF-Pm3 complexes with lipids were centrifuged and the rALF- We hypothesized that LPS-binding proteins share a similar lipid A-binding site. Thus, a comparable network of electrostatic interactions was proposed to occur between ALF-Pm3 and the lipid A moiety. We therefore, compared the FhuA lipid A-binding site (7 to 11 β-strands)
with the 4-stranded ALF-Pm3 β-sheet structure with the aim to get an optimal match of positively charged and hydrophobic side chains in the two structures. The β11 strand lies outside the cluster of the positively charged side chains and thus was discarded for the comparison. Numerous superimpositions involving the ALF-Pm3 β-sheet with the β7 to β10 FhuA strands were visually 
Pm3/ALF-L).
Several other hydrophobic amino acids also contribute to the hydrophobic core stability. Altogether, they are essential to generate a comparable and stable fold. Thus, these strictly conserved hydrophobic amino acids define a topohydrophobic network (35) . In addition, the C 34 -C 55 disulfide bridge of ALF-Pm3 displays an identical geometry as the C 31 -C 52 corresponding one in the ALF-L structure. This unique disulfide bond was shown to be essential for the stability of the ALF-Pm3 3D structure, which was found to collapse upon the disulfide bond reduction (data not shown). Charged amino acids are also conserved, being either identical However, there is still no structural study supporting this hypothesis. The 3D structure of rALFPm3 determined here for the first time opened the way to the mapping of the lipid A-binding site.
Although experimental determination was prevented by the aggregation phenomenon described above (no ALF-Pm3/lipid complex structure could be determined), the rALF-Pm3 structure allowed us to further investigate the rALF-Pm3 lipid A-binding site.
In order to map the lipid A-binding site, we compared the ALF-Pm3 structure with the X-ray (30) . Although this lipid A-binding site could not be assessed experimentally, the residues identified display a very similar spatial arrangement and clustering of several positively charged and hydrophobic side chains in both FhuA and ALF-Pm3. This strongly suggests that these amino acids belong to the lipid A-binding site of ALF-Pm3.
Besides ALF-Pm3, our model nicely applies to the ALF-L structure, in which the proposed lipid A-binding site is also well conserved, and to ALF-T, which is assumed to have a comparable 3D structure ( Figure 1 and Table 2 ). Consistently, many β-hairpin derived synthetic peptides corresponding to the S2-S3 strands of ALF-L bind to LPS (15, (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) .
Interestingly, our model is also supported by the strategy used to design a biosensor for bacterial endotoxin from the green fluorescent protein (GFP) scaffold (49) . LPS or lipid A were previously shown to interact with short and symmetrical amphipathic cationic sequences (49, 50) .
Accordingly, five alternating basic (B) and hydrophobic (H) residues were introduced to β- propose is shifted towards the disulfide bond with a slightly concave and larger surface area allowing more hydrogen bonds, electrostatic and hydrophobic interactions. Clearly, with a spatial proximity of several basic side chains located in proximal β-strands and perpendicular to the β-sheet surface, the ALF-Pm3 lipid A-binding site is discontinuous. In fact, it brings together several full or partial cationic binding patterns BHBHB alternating basic (B) and hydrophobic (H) residues (49, 50) . However, the sequential amphipathic character required is here compensated for by the well-defined 3D structure in which cationic and hydrophobic side chains are clustered and solvent-exposed giving rise to the ALF-Pm3 amphipathic feature. Moreover, the juxtaposition of several β-strands in a well-defined 3D structure generates an extended binding interface that can explain the strong interaction with lipid A derivatives.
FhuA and rALF-Pm3 proteins differ both by their location and by their function. FhuA is the receptor for ferrichrome-iron located in the membrane that mediates the active transport of siderophores, including ferrichrome into the bacteria, whereas ALFs are soluble proteins with anti microbial activities. Our model does not aim at assigning a biological significance to the similar lipid A-binding shared by these unrelated proteins. On the one hand, the strong binding of LPS to
FhuA contributes to its anchor in the bacterial outer membrane, and on the other hand, the avid binding of ALFs to LPS makes them efficient LPS-sequestrating molecules that regulate immune cell activation and contribute to the antibacterial defense of invertebrates.
Since unrelated families of cationic peptides were also demonstrated to bind LPS, the specificity of the interaction has to be questioned. This is the case for peptides derived from the silk moth cecropin and bee melittin (51) . Similarly, surfactin, an amphiphilic cyclic lipopeptide was shown to reversibly suppress the interaction of lipid A with LPS-binding protein (52) . When compared with lipid A, the surfactin structure possesses both negatively charged residues (Asp, Glu equivalent to phosphate groups of lipid A) and a lipophilic area including the main part of the cycle and the fatty acid chain. Interestingly, surfactin and polymyxin B are lipopeptides that share a marked amphipathic feature. Consequently, it can be hypothesized that although less specific, comparable electrostatic and hydrophobic interactions to those proposed for the rALF-Pm3 lipid A-binding site are also involved in the surfactin-LBP or the polymyxin B-LPS complexes.
Recently, a 12-residue linear peptide was designed to bind LPS (53, 54) . This peptide contains a centrally located stretch of four positively charged residues flanked by aromatic and aliphatic residues. By using transferred NOEs, such an amphipathic peptide was shown to interact with LPS in a well-folded structure and neutralize the LPS toxicity (IC 50 ≈10 µM) with a lower efficiency than polymyxin B (IC 50 ≈1.23 µM), the gold standard for LPS sequestration (55) .
Alternately, some anti-LPS reagents based on alkylpolyamines (55, 56) were also developed.
CONCLUSION
The rALF-Pm3 protein has been overexpressed in P. pastoris and its 3D structure determined. It displays a fold similar to that of ALF-L consisting of 3 α-helices and a 4-stranded β-sheet giving rise to a wedge-shaped molecule. Nevertheless, significant structural differences were observed in the stretch from residue 20 to 30, leading to a global shift of the N-terminal helix H1 and of the (8) . Rmsd were calculated from backbone atoms of 20 residues belonging to the S1 to S4 strands.
Values in parenthesis correspond to the 17 residues of the S2 to S4 strands. For ALF-T, corresponding residues were identified from the sequence alignment displayed in Figure 1 . (Lower part) Distribution of intra-residual (white), sequential (light gray), medium range (dark gray), and long range (black) constraints all along the sequence.
